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ABSTRACT: Pacific sand lance Ammodytes personatus are a key forage fish in the North Pacific
for many species of salmon, groundfish, seabirds, and marine mammals and have historically been
important to predators in relatively warm years. However, extreme declines in the nutritional
value of sand lance in Prince William Sound, Alaska, USA, during 2012-2016 indicate that energy
transfer from lower trophic levels to predators via sand lance may have been disrupted during the
North Pacific marine heatwave in 2015 and 2016. Nutritional value (length, energy density, and
whole-body energy) was measured in age-0 and age-1 sand lance collected during July in cool
(2012-2013) and increasingly warm (2014-2016) years. The value of age-0 fish was relatively sta-
ble, with only minor differences among years for length and whole-body energy. By contrast, the
value of age-1 fish significantly declined in 2015, and by 2016 they were 38 % shorter and 13 %
lower in energy density compared to cooler years. This contributed to significant declines in
whole-body energy of 44 % in 2015 and 89 % in 2016 compared to cooler years (2012-2014). The
2015 sand lance cohort experienced little growth or lipid accumulation from July 2015 at age-0 to
July 2016 at age-1. This effective disruption of energy flow through pelagic food webs probably
contributed to population declines and/or breeding failures observed among several predators in

the Gulf of Alaska and suggests that tipping points were reached during the heatwave.
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1. INTRODUCTION

Marine heatwaves (MHWs), such as one that per-
sisted in the North Pacific Ocean from October 2013
to June 2016 (Hu et al. 2017) (and was dubbed ‘the
Blob'), are extreme ocean warming events that may
result in severe impacts on marine ecosystems (Di
Lorenzo & Mantua 2016, Peterson et al. 2016, Oliver
et al. 2018, Walsh et al. 2018). The Pacific MHW cul-
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minated in record-breaking heat content anomalies
in 2016 for the Gulf of Alaska (Walsh et al. 2018).
Ocean warmth was intensified by a strong El Nino
event and strong positive sea level pressure anom-
alies that suppressed heat loss to the atmosphere (Di
Lorenzo & Mantua 2016, Walsh et al. 2018). MHWs
can have wide-reaching influence across food webs,
from primary producers to top predators. Mass mor-
tality events of seabirds and marine mammals have
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been some of the most immediate and obvious eco-
system impacts tied to the Pacific heatwave and sug-
gest bottom-up disruptions in energy transfer (Zador
& Yasumiishi 2017, Jones et al. 2018, Walsh et al.
2018). MHWs can also have socioeconomic repercus-
sions including fishery closures and quota changes
(Frolicher & Laufkotter 2018, Oliver et al. 2018,
Walsh et al. 2018).

Much of the energy transferred from lower to
higher trophic levels in marine ecosystems passes
through a small number of key forage fish species,
making forage fish a focal point of bottom-up disrup-
tions in energy transfer (Cury et al. 2000, Bakun
2006, Gaichas et al. 2015). Pacific sand lance Am-
modytes personatus (named A. hexapterus prior to
2015, and hereafter called ‘sand lance’) is a key for-
age fish and high-quality prey species for piscivores
in the Gulf of Alaska (Van Pelt et al. 1997, Robards et
al. 1999a,c, Iverson et al. 2002, Abookire & Piatt 2005,
Piatt et al. 2018). Among the more than 100 known
predators that rely on sand lance as an important
food source (Robards et al. 1999c) are several species
that dominate pelagic food webs, have special con-
servation status, or are targets of commercial, recre-
ational, and subsistence fisheries. This includes sea-
birds such as common murre Uria aalge, tufted puffin
Fratercula cirrhata, and black-legged kittiwake Rissa
tridactyla; marine mammals such as humpback
whale Megaptera novaeangliae and Steller sea lion
Eumetopias jubatus; and large predatory fish such as
Chinook salmon Oncorhynchus tshawytscha, coho
salmon O. kisutch, Pacific cod Gadus macrocephalus,
Pacific halibut Hippoglossus stenolepis, and various
rockfish species (Sebastes spp.) (Brodeur 1990, Ro-
bards et al. 1999c, Yang et al. 1999, 2006, Litzow et
al. 2002, Weitkamp & Sturdevant 2008, Moss et al.
2016, Piatt et al. 2018).

While other forage fish species are usually con-
sumed by a wide variety of predators, sand lance are
a preferred indicator species due to their strong resi-
dency and generalist foraging strategy. These fish
undergo minimal migrations and therefore may be
considered residents that reflect the environmental
conditions of their capture locations (Robards et al.
2002, Haynes & Robinson 2011, Love 2011) and are
more reliable for sampling. Sand lance residency is
likely tied to their habitat requirements that include
shallow, sandy substrates that are suitable for bur-
rowing (Robards et al. 1999c). Sand lance are not
selective foragers (Purcell & Sturdevant 2001) and
can provide an index for energy transferred through
forage fish more generally. The dietary overlap be-
tween sand lance and other forage fish is high (Stur-

devant et al. 1996), and they often feed together with
other species including juvenile Pacific herring Clu-
pea pallasii (Ciannelli 1997).

Evidence suggests that the abundance and growth
rates of sand lance are correlated with environmental
conditions such as marine productivity and water
temperatures (Litzow et al. 2000, 2002, Robards et al.
2002, Abookire & Piatt 2005, Hatch 2013, Sydeman et
al. 2017). In the Gulf of Alaska, sand lance have often
thrived during warm years including the 1997-1998
El Nino (Litzow et al. 2000, 2002, Robards et al. 2002,
Abookire & Piatt 2005) and have become the primary
forage fish prey for seabird predators during warm
years (Hatch 2013, Sydeman et al. 2017). An opposite
pattern with a negative relationship between sand
lance recruitment (i.e. abundance of age-0 sized fish)
and temperature is well documented in the more
temperate ecosystem of British Columbia (Canada)
and is coupled with observations that predators rely
on sand lance in primarily cool years (Bertram et al.
2001, Hedd et al. 2006). This difference in biophysi-
cal relationships between Alaska and British Colum-
bia is consistent with differences in the bottom-up
limits on primary production, with warm years bene-
fitting the Gulf of Alaska through increases in water
column stability, but cool years increasing primary
production in British Columbia through increased
mixing and relaxed nutrient limitation (Gargett 1997,
Mueter et al. 2002, Black et al. 2008, von Biela et al.
2015).

We focused on indices of size and caloric nutri-
tional value to assess the transfer of energy from
lower trophic level consumers to predators. These
indices are sensitive to temperature because of the
direct influence on metabolic costs (Bjornsson &
Steinarsson 2002, Peck et al. 2003, Laurel et al. 2016)
and indirect influence of temperature on the quality
of their zooplankton prey resources (Bertram et al.
2001, Brosset et al. 2015, Boldt et al. 2018). For exam-
ple, zooplankton communities in the subarctic North
Pacific tend to be dominated by lipid-rich larger spe-
cies during cool periods and smaller species with
lower lipid content and energy during warm periods
(Mackas et al. 2007, Keister et al. 2011, Batten et al.
2018). Sand lance appear to benefit when lipid-rich
zooplankton predominate in at least parts of their
range (Bertram et al. 2001).

We examined sand lance nutritional value over a
period of 5 yr (2012-2016) in which water tempera-
tures warmed steadily from being relatively cool to
extremely warm during the peak of the MHW. Sand
lance were collected as part of the long-term ecosys-
tem monitoring program of the ‘Exxon Valdez' Oil
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Spill Trustee Council in Prince William Sound (PWS),
Alaska (Aderhold et al. 2018, Arimitsu et al. 2018).
We examined interannual differences in individual
length-at-age, energy density, and whole-fish ener-
gy content in the 2 primary age classes of sand lance
(age-0 and age-1) to assess differences in energy
transfer to predators during the Pacific MHW. This
suite of indices recognizes that individuals allocate
energy to both somatic growth (i.e. length) and stor-
age (i.e. energy density) (Biro et al. 2005) and that the
total caloric value of a prey item (i.e. whole-fish
energy) is an important index of nutritional value for
sand lance predators, particularly those who capture
fish one at a time, as many seabirds do (Wanless et al.
2018).

2. MATERIALS AND METHODS
2.1. Study area

PWS is a complex fjord-estuary located in south-
central Alaska (Fig. 1). Sea surface temperatures were
extracted from daily satellite temperature data (https://
podaac.jpl.nasa.gov/dataset/MUR-JPL-L4-GLOB-v4.1)
for an area near Naked Island in PWS to demonstrate
that local temperature followed the broader pattern in
the Gulf of Alaska and Pacific Ocean during this pe-
riod (2012-2016). The area used was defined as
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Groundfish/Shellfish Statistical Area 476034 by the
Alaska Department of Fish and Game. Data were ave-
raged over monthly periods back to 2003, when the
satellite dataset began, and we present data as anom-
alies in reference to the average temperature calcu-
lated over the data record, 2003-2016.

2.2. Fish sample collection and analyses

All Pacific sand lance were captured in July near
the annual peak of body condition and lipid accumu-
lation for sand lance in southcentral Alaska (Robards
et al. 1999a). The timing of peak body condition is de-
termined by a life history that includes fall spawning
and winter hatching (Dick & Warner 1982, Robards et
al. 1999b), and coincides with the peak abundance of
their primary prey, zooplankton (McKinstry & Camp-
bell 2018). Our assumption of minimal (<1 mo) inter-
annual variation in the peak timing of sand lance
body condition is supported by the consistent season-
ality in the timing of peak chlorophyll a concentra-
tions and zooplankton abundances (McKinstry &
Campbell 2018). Differences between sexes should
be minimal during July (Robards et al. 1999a).

We collected sand lance for age composition and
nutritional value using purse seine, beach seine, her-
ring jig, cast net, dip net, and gill net. The purse seine
was deployed from a skiff, and was 46.9 m long and

6.1 m deep, with mesh sizes of 32 and
145° 3.2 mm. The beach seine was set

61°N-| ﬂ\/

W’d
N gﬁ B

ﬂ:ﬁ»
/%?9%

Prmce William
Sound

Mlddle i
Ground Shoal / % }

5 | Gulf of Alaska

parallel to shore from a skiff and re-
trieved from the beach and was 37 m
long with diminishing mesh size from
28 mm at the wings to 5 mm at the
center. Herring jigs (hook size 4, 6,
8, and 10), cast nets (mesh size 6.4
and 19.1 mm), long-handled dip nets
(mesh size 5 mm), and gill nets
(18.2 m x 4.9 m with variable mesh
panels of 6.4, 7.9, and 9.5 mm square
mesh) were used infrequently to sam-
ple small, shallow schools.
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Fish total length was measured to
the nearest mm from either freshly
captured individuals at sea (TLgq) OT
thawed individuals in the laboratory
(TLrap). Length was measured for
thawed fish in the laboratory for all

Fig. 1. Prince William Sound, Alaska, USA, showing sample collection loca-
tions (black circles). Approximately 70 % of sand lance were collected from
Naked Island and 24 % from Middle Ground Shoal, with <1% of samples

from each additional collection location

years except 2015, when lengths
were only measured in the field. In
2016, lengths were measured in both
field and laboratory for each fish and



174 Mar Ecol Prog Ser 613: 171-182, 2019

the data were used to develop a linear
regression equation to convert meas-
urements between freshly captured
and thawed sand lance (TLgeq = 1.03
x TLpq, + 1.58; 1> = 0.97, p < 0.0001).

Age was assigned by counting
translucent annular rings on sagittal
otoliths of sand lance by 2 inde-
pendent, blind readers. In the event
of disagreement in age assignment,
readers re-examined an otolith jointly
and assigned a consensus age for ana-
lysis. Otoliths were extracted, dried,
and examined under reflected light
using a Leica M60 dissection micro-
scope. Under reflected light, translu-
cent zones appear dark and opaque
zones appear white (Fig. 2). Translu-
cent bands forming on the otolith
edge were considered incomplete,
assuming a January 1 birth date for
sand lance (Robards et al. 2002). We
assumed consistent spawn and hatch
timing among cohorts such that little variation
(~1 mo) in mean age exists within each age class
across years. Digital images of each otolith were cap-
tured using a Leica DFC425 digital camera.

To quantify the difference in otolith appearance
among capture years, the 'plus’ growth was meas-
ured for the same subset of age-1 sand lance ran-
domly selected for energy density analyses (n = 50,
see below). The plus growth represents the growth
that occurred within the spring—summer of collection
and was measured from the outside edge of the
translucent zone to the outside edge of the otolith
along the longest axis from the nucleus to the edge.
Otolith growth is strongly correlated to somatic size
within fish species (Campana & Thorrold 2001).

Energy density and whole-body energy were esti-
mated using bomb calorimetry on a subset of samples
following otolith removal and age assignment. Ten
individuals were randomly selected within each pri-
mary age class (age-0, age-1) and collection year for
energy density analysis (n = 100). Whole fish were
freeze-dried until weight stabilized and no moisture
was apparent (approximately 48 h). Dry mass was
recorded to the nearest 0.0001 g. Dried fish were
homogenized using a mortar and pestle, and a pellet
was pressed from a subsample and weighed im-
mediately. A semimicro Parr 6725 calorimeter was
used to measure energy density. Benzoic acid stan-
dards and duplicate tissue samples were used to
evaluate precision.

2012-2015

*“

Fig. 2. Whole sagittal otoliths representative of age-0 (top row) and age-1
(bottom row) sand lance and the distinct difference in banding patterns be-
tween individuals captured in the years 2012-2015 (left column) and those
captured in 2016 (right column). Images captured under reflected light
through a dissection microscope. The white or opaque regions are composed
of dense material with higher proportions of organic material during the
season associated with rapid growth, while the dark or translucent areas are
hyaline material deposited during the seasons of slower growth

Energy density is reported per unit dry mass (kJ g~!
dry mass), as wet mass measurements likely intro-
duce a desiccation bias that can mask the true bio-
logical relationships (Montevecchi & Piatt 1987, His-
lop et al. 1991, Van Pelt et al. 1997, Ball et al. 2007).
Whole-body energy (kJ fish™!) was estimated by mul-
tiplying energy density (kJ g~! dry mass) by dry mass
(g). Energy density and whole-body energy were
compared among years using 1-way analysis of vari-
ance (ANOVA) with Tukey's HSD post hoc test with-
in each age class (o < 0.05). The relationships be-
tween length and energy density or whole-body
energy were examined using simple linear regres-
sion with log-log transformations (Andrews et al.
2009).

3. RESULTS
3.1. Temperature anomalies

Sea surface temperature anomalies in the Naked
Island area of PWS indicate cool monthly tempera-
tures in the 12 mo preceding sand lance collections
each July for the years 2012 and 2013, near average
or slightly warm temperatures prior to collection in
2014, and primarily above average temperature prior
to 2015 and 2016 collections (Fig. 3). Temperature
anomalies prior to collections in the 2 warm years
peaked predominantly in the winter for 2015 and in
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Fig. 3. Monthly sea surface temperature anomalies for the area near Naked Island in Prince William Sound, Alaska, as defined

by the Alaska Department of Fish and Game Groundfish/Shellfish Statistical Area 476034 by calendar year. Anomalies are

calculated as the difference (red: positive; blue: negative) from the monthly mean for the years 2003-2016 (reported in
Table A1). Dashed lines indicate timing (i.e. July) of Pacific sand lance collections in 2012-2016

the spring—summer for 2016. The absolute maximum
monthly temperatures in the summers of 2015 (Au-
gust: 15.8°C) and 2016 (July: 15.3°C) were similar
to those in 2004 (August: 15.7°C) and 2005 (July:
15.2°C). However, the persistence of the anomalies
from late 2014 through 2015 and 2016 across nearly
all months differed from the prior warm years of 2004
and 2005. Absolute mean monthly temperatures are
reported in Table Al in the Appendix.

3.2. Sand lance collections

During 5 yr of sampling, 539 sand lance were ex-
amined for age and length, with otoliths identifying
individuals as primarily age-0 (45%) and age-1
(48%). Age-2 sand lance were captured each year,
but low sample size precluded a robust examination
of interannual variability. Nearly all (>95 %) otoliths
were examined by both age readers, and age assign-
ment among those age classes included in this study
was 98 %. These sand lance were often captured by
purse seine (40 %) and dip net (26 %), with smaller con-

tributions from cast net (14 %), beach seine (12 %),
gill net (7 %), and jig (2%). All gear types captured
both age-0 and age-1 individuals consistently span-
ning the size range from approximately 60 to 130 mm
TL. Sand lance were most often captured near the
coast of Naked Island (70 %) or Middle Ground Shoal
(24 %) (Fig. 1). In most years, age-0 and age-1 sand
lance were collected near Naked Island, but in 2015
only age-0 individuals were present at this location.
In 2015, age-1 individuals were exclusively collected
from Middle Ground Shoal. Other locations through-
out PWS (Fig. 1) resulted in few collections (a total of
<10 across all years).

In 2016, unusual observations were made in the
field and laboratory. In the field, only 1 size class of
sand lance was observed, rather than the 2 distinct
size classes that usually correspond to age-0 and
age-1+ individuals. A concerted effort to find larger
fish was made throughout PWS without success. In
the laboratory, otoliths revealed that this small size
class was actually comprised of both age-0 and age-
1+ sand lance. The otoliths of age-1 sand lance were
markedly different from those examined in previous
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years, with very narrow translucent and opaque
zones for the growth during age-1 (Fig. 2). This
abnormal annulus could be distinguished from other
non-annular translucent bands (e.g. false annuli)
based on the clarity and continuity. The plus growth
from age-1 fish captured in 2016 was less than half of
that from previous years, which were all statistically
similar (ANOVA, F, 44 = 15.6, p < 0.001; Tukey HSD,
p < 0.001). Despite differences in otolith macro-
structure of age-1 individuals among years, a typical
age-0 pattern otolith with near uniform opaque tissue
(Macer 1966, Robards et al. 2002) was present in all
years and continued to distinguish age-0 individuals
from other age classes.

3.3. Condition of age-0 sand lance

Age-0 sand lance were longer in 2012 than any
other sample year, with a mean difference of approx-
imately 15 mm (ANOVA, F, 4 = 20.3, p < 0.001;
Tukey HSD, p < 0.001 for each pairwise comparison)
(Fig. 4a). Age-0 sand lance collected in 2016 were
also longer than those collected in 2015 by about
6 mm (Tukey HSD, p = 0.006). The energy density of
age-0 sand lance was similar across years (ANOVA,
F, 50 = 1.46, p = 0.232) with a mean + SD of 18.9 +
2.12 kJ g~! dry mass (Fig. 4b). Whole-body energy
varied among years (ANOVA, F,s5 = 331, p =
0.0186), with slightly higher energy in 2012 com-
pared to 2014 (Tukey HSD pairwise p = 0.0272) and
2015 (p = 0.0232) (Table 1, Fig. 4c).

3.4. Condition of age-1 sand lance

Age-1 sand lance were shorter in 2015 and 2016
compared to 2012-2014 (ANOVA, F, 15, = 203.2, p <
0.001; Tukey HSD, p < 0.001 for each pairwise com-
parison) (Fig. 4a). The mean length of an age-1 sand
lance dropped from 127 mm in the first 3 years of
study (2012-2014) to 112 mm in 2015 and 79 mm in
2016, representing a 38% decline in length com-
pared to the 2012-2014 mean. Due to the decline in
the length of age-1 fish, the 2 age classes of sand
lance became indistinguishable in length in 2016
(Fig. 4a).

The energy density of age-1 fish varied across
years (ANOVA, F, 50 = 14.9, p < 0.001), with higher
energy density from 2013-2015 and lower energy
density in 2012 (Tukey HSD, p < 0.02 for pairwise
comparisons to 2013-2015) and 2016 (Tukey HSD,
p < 0.001 for pairwise comparisons to 2013-2015)
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Fig. 4. (a) Length, (b) energy density, and (c) whole-body en-
ergy of age-0 (blue) and age-1 (orange) Pacific sand lance
captured in Prince William Sound, Alaska, in 2012-2016.
Energy density is reported in dry mass units. In each box-
plot, the horizontal line is the median, the upper and lower
ends of the box represent the first and third quartiles, the
upper and lower whiskers extend to the highest and lowest
values that are within 1.5x the inter-quartile range, and
points denote outliers. Different numbers (age-0) or letters
(age-1) among years denote significant pairwise differences
in the mean value based on 1-way ANOVA with Tukey's
HSD post hoc test (p < 0.05)
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Table 1. Total length (mm), energy density (kJ g~! dry mass), and whole-
body energy (kJ) of age-0 and age-1 Pacific sand lance captured each
July in Prince William Sound, Alaska, USA, with sample size for length
(Np) and energy analyses (Ng). Reported values are means + SD for each

fish energy) and the implication that
energy transfer to higher trophic levels
was disrupted through a species that has

capture year and the overall mean for the age class

become more important to some predators
in warm years. The longer, higher-quality

Sand Year Length N, Energy ~ Whole-body N sand lance appeared to be missing in 2016
lance density energy based on the finding that age-1 fish be-
came indistinguishable from age-0 fish
Age-O 2012 88.4 +£10.8 26 19.6 +2.81 7.06 + 4.62 10 and longer fish were not observed during
2013 73.1+863 55 194+1.69 4.15+2.48 10 field K d ite efforts t le th
2014 73.7+934 56 176259 3.11+1.67 10 teld work despite ellorts o sample them.
2015 709+6.83 60 19.1+099 3.03+1.12 10 Our findings provide a clear mechanism
2016  76.6+868 48 189x1.76 4.82x289 10 to explain how the Pacific MHW could
Overall 75.0+9.94 245 18.9x211 4.43+3.09 50 result in predator reproductive failures
Age-1 2012 128 £9.57 26 21.0+£0.98 48.1+164 10 and mortality.
2013 128 +6.63 33 22.8+1.78 46.6+14.0 10 The energy densities of sand lance ob-
2014 124+814 24 2272035 397+13.6 10 served in this study were similar to those
2015 112+ 11.2 119 22.5+048 25.0+10.0 10 . Y_
2016 78.8 + 8.93 55 19.7 + 1.22 5.04 + 1.45 10 reported prev10usly in Alaska (Van Pelt et
Overall 110+20.0 257 21.7+1.60 32.6=+20.1 50 al. 1997, Robards et al. 1999a, 2002), but

(Table 1, Fig. 4b). Whole-body energy also varied
among years (ANOVA, F, 5, = 21.7, p < 0.001) with
declining energy from 2012 to 2016 (Fig. 4c). Whole-
body energy was highest in 2012 and 2013, signifi-
cantly lower in 2015, and lowest in 2016. Sand lance
had 44 % less total energy per fish in 2015 and 89 %
less total energy per fish in 2016 compared to the
average whole-body energy of 2012-2014. In 2016,
there was no difference in whole-body energy of
age-1 and age-0 sand lance (t-test, p = 0.840).

Length was positively related to both energy den-
sity and whole-body energy as a log-log relationship
that spanned both age classes. The relationship be-
tween energy density (kJ g~' dry mass) and length
(mm) is described by the equation log(energy den-
sity) = 7.45 x log(length) — 59.5 (r? = 0.490; p < 0.001).
The relationship between whole-body energy (kJ)
and length (mm) is log(whole-body energy) = 0.210 x
log(length) + 4.02 (r* = 0.956; p < 0.001).

4. DISCUSSION

We documented a significant decline in nutritional
value of a key forage fish, Pacific sand lance, during
a prolonged period of anomalously warm ocean con-
ditions in the North Pacific Ocean. Local sea surface
temperature anomalies generally followed patterns
reported elsewhere (Di Lorenzo & Mantua 2016,
Campbell 2018, Walsh et al. 2018), indicating that
local conditions reflected the Pacific MHW. These
results are ecologically significant given the dramatic
magnitude of decline (89 % decrease in age-1 whole-

even a slight reduction in energy density,
coupled with a significant reduction in
size (Table 1, Fig. 4), can result in dramatically lower
overall whole-body energy and energy transfer. Thus,
whole-body energy metrics are the most appropriate
indicators to consider, as they reflect contributions
from both declining size and energy storage.

The 2015 sand lance cohort appeared to experi-
ence little growth or lipid accumulation from July
2015 (at age-0) to July 2016 (at age-1). Detecting this
pattern required otolith-based aging and would not
have been possible if age was assumed from length,
a common practice for forage fish (Hatch & Sanger
1992, Hedd et al. 2006, Hatch 2013, Boldt et al. 2018).
A similar lack of growth and abnormal otolith ap-
pearance has been described from a congeneric spe-
cies in the North Sea (lesser sandeel Ammodytes
marinus) and also resulted in similar sizes between 2
age classes that are typically distinct (Macer 1966).

It is unlikely that aging error explains patterns
described in this study given that the results in 2016
followed a pattern that emerged in 2015, the consis-
tency in age assignments between readers, and the
presence of the standard age-0 otolith pattern in all
collection years (Fig. 2). In addition, age-0 and age-1
individuals collected in 2016 were often acquired
together in a single gear deployment, suggesting
shared environmental conditions. If the translucent
zone was a false annulus resulting from a stressful
event, all individuals captured together would be
expected to show a similar macrostructure pattern.
The otolith macrostructure patterns observed in 2016
could have made it more difficult to distinguish be-
tween age-1 and age-2 individuals. Given that age-2
individuals are similar or larger than age-1 sand
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lance, such a bias would lead us to an overestimation
of growth and is opposite of the pattern observed.
Interannual variation in mean hatch date also fails to
explain the changes in length-at-age, as warmer
years should be associated with faster development,
earlier hatch dates, and older individuals (Frederik-
sen et al. 2011) that reach longer lengths if growth
rates are also consistent.

The lower energy densities and lack of lipid accu-
mulation among age-1 sand lance in 2016 follows an
energy allocation strategy that prioritizes somatic
growth over lipid accumulation until sand lance
reach ~80 mm (Robards et al. 1999a), and strong size-
selective mortality among shorter individuals (Biro et
al. 2005). The mean size of age-1 individuals cap-
tured in 2016 was 79 mm, and just at the size when
increases in lipid and energy are expected. In com-
parison, little change in nutritional value was ob-
served for age-0 sand lance among years, and the
variability was not clearly related to the MHW. Juve-
nile sand lance near or below the 80 mm size thresh-
old channel energy to protein and growth rather than
stored lipids, which results in consistent low energy
densities. Thus, juveniles (i.e. age-0), have both less
lipid and less protein (as indicated by shorter length)
to buffer against starvation compared to adults (i.e.
age-1 and older in Robards et al. 1999a). The result
appears to show that there is less room for variation
in nutritional value of juveniles and likely a higher
risk of mortality when conditions are poor as com-
pared to adults. This may explain why a decline in
the nutritional value of age-0 sand lance was not
apparent in our samples.

The dramatic decline in sand lance whole-body en-
ergy that we observed during the MHW may have re-
sulted from poor quantity or quality of their prey re-
sources. Sand lance abundance and condition have
previously been linked to lower trophic production
(Litzow et al. 2002, Robards et al. 2002), and concur-
rent observations suggest that this pattern continues,
although without the positive relationship to tempera-
ture. The extremely warm and persistent conditions
resulted in stronger stratification and diminished ver-
tical mixing (Walsh et al. 2018), which could have im-
peded the replenishment of key nutrients in surface
waters over the winter that usually sets the stage for a
spring bloom (Weingartner et al. 2002, Childers et al.
2005). The apparent result was the lowest chlorophyll
estimate for April through August 2016 from MODIS
satellites in the 14 yr record (2003-2016) (Hopcroft et
al. 2018). A similar response to the Pacific MHW with
low nutrients and chlorophyll was recently docu-
mented in British Columbia (Pefia et al. 2018).

The variation in sand lance condition described
here mirrors spring chlorophyll anomalies in the
northern Gulf of Alaska, with high primary produc-
tion in the years 2012-2014 and low production in
2015 and 2016 (Hopcroft et al. 2018). Reductions in
diatoms and zooplankton as conditions warmed from
2014 to 2015 were also noted despite a previous pos-
itive relationship with temperature from 2000 to 2013
(Batten et al. 2018, McKinstry & Campbell 2018). Fur-
thermore, the diatom community was dominated by
species with long, narrow cells during the MHW,
which tends to occur with nutrient limitation (Batten
et al. 2018). Findings such as these raise the possibil-
ity that water column stability in the Gulf of Alaska
increased beyond an optimum during the MHW and
passed a fundamental tipping point from primarily
light- to primarily nutrient-limited under the optimal
stability framework (Gargett 1997) with biophysical
relationships that are more similar to those observed
in British Columbia due to nutrient limitation (Ber-
tram et al. 2001, Hedd et al. 2006). In other words, the
simple positive linear relationship between tempera-
ture and production that has often prevailed in the
Gulf of Alaska may no longer be a good simplifying
assumption as conditions warm and the dome-
shaped relationship describing the balance between
light and nutrient limitation becomes more apparent.
Other authors have similarly suggested that a dome-
shaped relationship exists for sand lance response to
temperature in British Columbia (Bertram et al. 2001,
Hedd et al. 2006).

A rapid decline in growth and condition can also
occur when temperature exceeds the species-specific
physiological optimum (Bjornsson & Steinarsson 2002,
Peck et al. 2003, Laurel et al. 2016). While the in-
creased temperatures probably did increase meta-
bolic costs for sand lance, sea surface temperatures
during the warmest months (e.g. summer) were not
beyond the realm of those previously measured in
warm years (Fig. 3), and it seems unlikely that the
rapid decline in condition could be attributed to tem-
perature alone because PWS is near the northern dis-
tribution limit for the species (Orr et al. 2015), and
eurythermal species (Robards et al. 1999c) tend to
have more gradual responses to exceeding tempera-
ture optimums (Laurel et al. 2016). Furthermore,
sand lance may behaviorally modify metabolic costs
by adjusting daily and seasonal periods of dormancy
when buried (Robards et al. 1999b, Tomiyama &
Yanagibashi 2004). Periods of dormancy are charac-
terized by reduced metabolism and resistance to star-
vation (Quinn & Schneider 1991, Ciannelli 1997,
Tomiyama & Yanagibashi 2004, Behrens & Steffen-
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sen 2007). Thus, sand lance response to the MHW
could reflect poor feeding conditions alone, or, more
likely, a combination of poor feeding conditions and
increased metabolic costs.

As a key prey species for most piscivorous preda-
tors in the North Pacific, the nutritional value of sand
lance was likely a factor in associated ecosystem
responses to the MHW (Walsh et al. 2018). In partic-
ular, lower sand lance nutritional value in 2015 and
2016 could help explain declines in common murre
breeding success associated with the MHW (Zador &
Yasumiishi 2017, Dragoo et al. 2018), as sand lance
are a primary prey of murres during the summer
breeding season (Piatt & Anderson 1996). Availabil-
ity and condition of various sandeels (Ammodytes
spp.) has been tied to reproductive success and sur-
vival of predators elsewhere (Bertram & Kaiser 1993,
Wanless et al. 2005, Furness 2007). Indeed, one of the
worst years for breeding success of murres in the
North Sea coincided with a reduction in both size and
energy density of sandeels in 2004 (Wanless et al.
2005). More broadly, community-level changes in
seabird diets in the North Sea during the past few
decades reflect a reduction in sandeel abundance
and size (Wanless et al. 2018).

It is not yet clear how many predators in the Gulf of
Alaska were affected by the MHW because the
effects on recruitment may take years to be realized
by wildlife monitoring, fishery catches, or salmon es-
capement. At present, reports suggest that the MHW
was associated with declines in abundance of capelin
Mallotus villosus, sand lance, and Pacific cod, lower
bottom trawl biomass of aggregated fish and inverte-
brates, lower energy density in herring, lower growth
rates of rhinoceros auklet Cerorhinca monocerata
chicks and production, and reduced calving rates
and poor body condition for humpback whales
(Zador & Yasumiishi 2017, Gorman et al. 2018). These
observations resulted in an 80% drop in the Pacific
cod acceptable biological catch for 2018 and a plan
to maintain low quotas in 2019 and 2020 (Barbeaux
et al. 2018). Given the increasing frequency and
duration of MHWs (Oliver et al. 2018) and the likeli-
hood that new temperature extremes are surpassing
important biophysical and metabolic tipping points,
studies like this are necessary to evaluate assump-
tions that inform management actions and are
embedded in predictive ecosystem models.
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Appendix.

Table Al. Mean monthly temperatures (°C; 2003-2016)
used to calculate monthly anomalies presented in Fig. 3 and
absolute temperature values for the years of sample collec-

tions
Month Mean 2012 2013 2014 2015 2016
January 4,51 381 391 484 6.09 523
February 3.84 3.18 3.03 349 539 5.12
March 369 261 295 338 501 5.05
April 468 4.73 3.89 513 546 6.15
May 8.11 6.78 6.30 945 9.64 9.29
June 11.7 102 127 11.7 11.7 131
July 13.8 115 149 141 143 153
August 13.6 12,7 139 138 158 13.8
September 11.7 10.7 11.8 121 119 124
October 894 762 937 975 931 9.30
November 6.95 6.00 740 8.16 7.57 7.45
December 555 495 539 698 599 6.46
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